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ABSTRACT: Clathrate hydrates are crystalline compounds in
which guest molecules are encaged within an ice-like lattice. They
occur naturally and possess properties of significant interest for
energy and storage applications. Here, we report the thermal
conductivity κ of structure I CO2 clathrate hydrate across a broad
temperature range (90−265 K) and at pressures up to 1.2 GPa.
Similar to structure II clathrate hydrates, κ decreases with
decreasing temperature, displaying almost identical temperature
dependence. However, the absolute values are 10−30% lower.
Notably, κ of CO2 clathrate hydrate is among the lowest observed
for structure I clathrate hydrates, with κ = (426 ± 8) mW m−1 K−1

under stable conditions at 270 K and 1 MPa. Furthermore, the
isothermal dependencies of κ on density ρ and pressure p�parameters crucial for thermal modeling at elevated pressures�are
relatively weak, with (d ln κ/d ln ρ) = 1.2 ± 0.2 and (d ln κ/dp) = (12 ± 1) % GPa−1. The measurements show significantly lower κ
values and a different temperature dependence compared with previously reported simulation results. Nevertheless, the experimental
data confirm the simulation prediction that κ for CO2 clathrate hydrate is significantly lower than for other structure I clathrates. Our
findings further indicate that κ in both structures I and II clathrate hydrates tends to decrease with increasing van der Waals radius of
the guest molecules, as reviewed here. This trend may arise from enhanced distortion and anharmonicity within the ice framework.
We tentatively propose that the pronounced anharmonicity of the clathrate hydrate lattice leads to frequent phonon−phonon
scattering, effectively suppressing phonon-mediated heat transport and resulting in predominantly diffusive thermal conduction.

1. INTRODUCTION
A detailed understanding and knowledge of properties of
naturally occurring clathrate hydrates (CHs) is essential for
predicting and mitigating environmental changes on Earth.
Global warming can lead to the decomposition of CHs trapped
in permafrost and deep-sea sediments, resulting in the release
of previously sequestered methane. Conversely, efforts in
carbon capture and storage within controlled deep-sea
environments may promote the formation of CHs, offering a
more stable medium for carbon sequestration compared to
gaseous or liquid forms.
The analysis of these processes depends heavily on key

properties of CHs, particularly their stability and thermal
characteristics. Notably, there is a significant gap in our
knowledge of the thermal conductivity and heat capacity of
carbon dioxide CH�a form that plays a crucial role not only
in carbon storage strategies but also in planetary science.
CHs are inclusion compounds of water that can accom-

modate atoms or small molecules as guests. This characteristic
makes CHs potential candidates for the solid-state storage of
gases such as methane, hydrogen, and carbon dioxide. Some
CHs naturally form under elevated pressures and low

temperatures and likely exist in substantial quantities on
Earth and other celestial bodies. Therefore, the properties of
CHs are important and have been extensively investigated.
One notable discovery is the amorphous-like thermal
conductivity of several CHs. Despite their crystalline structure,
these CHs display a low magnitude and nearly temperature-
independent thermal conductivity.1 This atypical behavior for
crystalline phases has been observed for both structure I (sI)
CHs with guest molecules ethylene oxide,2 xenon,3,4

methane,5−9 structure II (sII) CHs with guest molecules
tetrahydrofuran1,2,10−12 1,3-dioxolane,13 cyclobutanone,13 cy-
clopentane,14 and structure H (sH) CH with guest methane−
methylcyclohexane.15 The behavior is both of practical and
academic significance; for instance, in the search for better
thermoelectric materials, which require materials with low
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thermal conductivity but high electrical conductivity, and to
gain better understanding of phonon propagation in complex
crystals. However, the thermal conductivity of the important
clathrate of carbon dioxide has not been studied in a wide
temperature range and with a method that ensures a
nonporous and ice-free sample. Such a method is crucial for
accurate measurements of the magnitude and temperature
behavior of the thermal conductivity.
At moderate pressures, carbon dioxide (CO2) forms an sI

CH where the unit cell contains 46 water molecules (Figure
1).16,17 The water molecules arrange themselves into a
structure with six large tetrakaidecahedral cages and two
small pentagonal dodecahedral cages per unit cell. This yields a
composition of CO2·5.75 H2O when each cage is occupied by
one CO2 molecule. In an X-ray diffraction study of a single
crystal of a CO2 CH grown from deuterated water and liquid
CO2 at 276 K and 4 MPa, Udachin et al.18 found full
occupancy of the large cages but that the small cages were only
partly filled, about 71%, yielding a composition CO2·6.20(15)
D2O. However, the estimated compositions vary between
studies, which can be partly explained by different synthesis
conditions with higher occupancy for CO2 CH formed at
higher pressures.19,20

Here, we have investigated the thermal conductivity of
nonporous and ice-free sI CO2 CH under pressure with the
aim of understanding how guest species, density, temperature
and pressure influence heat transport in sI CO2 CH.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. The CO2 CH samples were produced

by similar procedures to those reported by Tulk et al.21 and Ikeda et
al.20 Powdered hexagonal ice was produced by freezing water (Sigma
Ultrapur) and subsequently grinding it with a mortar and pestle in a
cold atmosphere of boiling liquid nitrogen. The ice powder was then
sieved/ground through a sieve (Sigma-Aldrich, ATM 100SS8F, Fine
test sieve, 150 μm) with a stainless-steel frame, which was cooled by
dry ice. The ice powder was collected in a Petri dish cooled by liquid
nitrogen and subsequently transferred to a plastic bottle with a small
hole in the cap, then stored in liquid nitrogen. During the sieving
process, which took several hours, some water vapor condensed in the

Petri dish. Therefore, the material was sieved a second time, but this
time with both the glass dewar and the fine test sieve cooled by dry
ice. (The second sieving process was completed in 15 min.) A total of
ca. 7 g of ice was produced and transferred to a pressure cylinder of
300 cm3 capacity (Swagelok 304L Stainless Steel Double Ended
DOT-Compliant Sample Cylinder), which was kept in dry ice during
the transfer process. The sample cylinder was thereafter mounted in a
setup equipped with a pressure gauge and two valves. One valve
connected the cylinder to a CO2 gas tube (Air Liquide, ≥ 99.9 vol %
with water as the main impurity), and the other was initially
connected to a vacuum pump. After filling with the ice powder, the
sample cylinder was purged four times with CO2 and then transferred
to a freezer. The freezer maintained the cylinder temperature between
258 and 253 K for 1−3 days; the temperature was monitored with a
type K thermocouple firmly attached to the cylinder. In total, we
studied three samples, which were produced using slightly different
procedures.

Sample #1: The pressure was initially kept at 1 MPa by occasionally
refilling the sample cylinder to stay in the stable pressure−
temperature range of sI CO2 CH.22 Subsequently, the pressure was
increased to 1.5 MPa, and the temperature was cycled between 271
and 257 K for 4 days. In total, the sample was kept a few degrees
below zero, a range of relatively rapid clathrate growth, for 30 h.
Thereafter, the cylinder pressure and temperature stabilized at (1.5 ±
0.05) MPa and (271 ± 0.5) K via a heating band around the sample
vessel. The vessel and heater were thermally isolated from the freezer
by a layer of glass fiber. Under these pressure−temperature
conditions, the sample is kept 3−4 K below the stability limit of
CO2 CH. It remained under these conditions for 10 days before being
recovered into a plastic bottle cooled by liquid nitrogen. The bottle
was subsequently stored for 1 day in an absorption-based dewar at
near-liquid nitrogen temperature before the sample was used to fill the
thermal conductivity sample cell. Figure S1 shows the results for the
thermal conductivity of sample #1 on heating at 0.06 GPa. The results
are typical for a CH, i.e., weakly increasing on heating, but the results
also show a transition near the CO2 solid-to-liquid transition, which
suggests that the sample contained a significant amount of solid CO2
mixed with the CO2 CH. The wire probe subsequently broke due to a
power failure, which caused a pressure drop.

Sample #2: The pressure cylinder with powdered ice and
pressurized CO2 was initially kept at 0.6 MPa. Thereafter, the CO2
pressure was raised gradually to 1.5 MPa while the temperature was
increased to (271 ± 0.2) K. The temperature was maintained constant

Figure 1. Structure of the sI CO2 clathrate hydrate. Structural studies suggest that the large cages are filled and that the small cages are partially
filled.
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for 33 days. The pressure cylinder was thereafter opened while kept at
temperatures around 190 K. It was then heated to 208 K to remove
solid CO2; it remained above the CO2 sublimation temperature (195
K) for 1.3 h before the sample was recovered in a plastic bottle and
stored near liquid nitrogen temperature. This procedure yielded an
almost pure CO2 CH with only a slight excess of CO2 (less than 1 vol
%) as verified by X-ray powder diffraction (XRD) and thermal
conductivity results (see Supporting Information).

Sample #3: The procedure to produce sample #3 was similar to
that for sample #2. Based on the results for samples #1 and #2, we
concluded that 15 days at 1.5 MPa and 271 K should be sufficient to
produce a good CO2 CH without a significant amount of ice. Since
the results for sample #2 suggested a slight excess of solid CO2 despite
the treatment above the sublimation temperature, sample #3 was kept
near 208 K for about 3 h to remove solid CO2. However, after this
treatment, the thermal conductivity results showed that the sample
contained a significant amount of ice. The reason for the significant
ice content is not certain, but it may have been caused by the longer
annealing time near 208 K, even though the clathrate should be stable
under these conditions. The results for sample #3 are shown in
Figures S1 and S2.
2.2. X-ray Powder Diffraction Measurements. XRD measure-

ments were performed using a PANalytical X’Pert3 Powder
diffractometer equipped with Cu Kα radiation (λ = 1.5418 Å). To
enable low-temperature data collection, a TTK 600 low-temperature
chamber (Anton Paar) was employed. The sample was cold-loaded
into the precooled chamber at 150 K. Data were collected using a
position-sensitive detector over the 2θ range of 10° to 65°, with a
goniometer scan speed of 0.03° s−1 and data recorded at 0.013°
intervals. Due to the detector’s multichannel nature, each 0.013° step
accumulated an equivalent total counting time of 118 s. Both empty
sample holder and sample measurements showed signs of surface
abrasion that introduced peaks from the sample holder in the
diffraction patterns. These regions were excluded from the final fit,
with little influence on the analysis.
2.3. Thermal Conductivity Measurements. The thermal

conductivity was measured using the transient hot-wire method
with a 42 mm long, 0.1 mm in diameter, Ni-wire as the hot-wire.23,24

The wire was mounted in a semicircular shape in a Teflon sample cell
of 38 mm internal diameter. The temperature in the cell was
measured by a calibrated Chromel versus Alumel thermocouple
positioned close to the hot-wire. The cell was mounted on a bottom
piston and inserted in a 45 mm internal diameter pressure cylinder of
1.3 GPa capacity. The sample was cold loaded into the cell at ca. 190
K by cooling the cylinder with liquid nitrogen while it was kept in a
glovebag that had been purged several times with dry nitrogen gas.
The space near the wire probe was filled with the sample while glass
microspheres 0.2 mm in diameter were used to fill the remaining
space in the cell. (Considering the low thermal diffusivity of the
sample, the wire must be surrounded by ca. 1 mm of sample to avoid
errors due to a limited sample size. In this case, the wire was
surrounded by ca. 0.8 cm of sample.) The cell was closed with a
Teflon lid, and a steel seal with indium coating and a hardened steel
top piston were inserted in the cylinder. The whole assembly was
transferred to a vacuum chamber and clamped to the precooled cold
head of a closed He-cycle cryostat. To increase the temperature
stability of the CH, the load was raised to ca. 0.07 GPa. The load was
supplied by a fully automated hydraulic press. The pressure inside the
cell was determined by measuring the signal from an oil pressure
gauge, which had been previously calibrated to an accuracy of 0.05
GPa (at 1 GPa) in a separate experiment. This calibration was
achieved by using the pressure-dependent resistance of a manganin
wire.

The thermal conductivity was determined from the results of the
wire temperature rise during a 1.4 s pulse of approximately constant
power. Throughout the pulse, the resistance of the Ni-wire was
measured over time (29 values), allowing for determination of the
temperature increase. The equation for the temperature rise was fitted
to the experimental data points, thereby yielding the thermal

conductivity with an uncertainty of ±2% (see Supporting Information
and ref 23) and the heat capacity per unit volume (±5%).23

3. RESULTS AND DISCUSSION
3.1. Sample Characterization. The production and

characterization of the clathrate are crucial steps in reliably
determining the thermal conductivity κ of CO2 CH. In the case
where each cage contains one CO2 molecule, this is
represented as CO2·5.75H2O. Since our sample was produced
at 1.5 MPa and 271 K (1.5 times the equilibrium pressure for
hydrate formation), we expect that it should initially have a
composition close to that reported by Udachin et al.18 for a
deuterated sample, i.e., CO2·6.2 H2O, which was formed at 2
times the equilibrium pressure for hydrate formation at 276 K.
Because of the high κ of hexagonal ice, ice Ih,24 it is particularly
important to avoid excess ice in the sample. Although κ of CO2
is also higher than that typically found for clathrates, it is only
approximately 15% of κ of ice.25 Thus, a slight excess of solid
CO2 affects κ less significantly than the same amount of excess
ice.
To confirm that the sample was an sI CH, we conducted

XRD analysis at 150 K (Figure 2). The results are consistent

with the sI CH, characterized by a lattice parameter a =
11.8767(3) Å, wR = 9.77%, reduced χ2 = 4.02. This is in good
agreement with a = 11.893(2) Å obtained from single crystal
XRD for a deuterated sample at 173 K,18 a = 11.872 Å
reported from neutron powder diffraction data for a deuterated
sample at 150 K,19 a = 11.872 Å at 150 K,26 and a = 11.876 Å
at 153 K27 from powder XRD. The presence of ice Ih (∼2 wt
%) was inferred from preliminary Rietveld analysis; however,
the final Le Bail fit precludes quantitative phase estimation.
The XRD pattern shows no detectable peaks corresponding to
nonenclathrated CO2. However, as discussed below, the κ
measurements show that the sample was free of ice but that it
contained a slight amount, less than 1 vol % (see Supporting
Information), of nonenclathrated CO2. We attribute this
difference to the sample in the XRD study being loaded in a
nondry atmosphere, which led to the condensation of humid
air during the loading procedure and subsequent measure-
ments.

Figure 2. XRD of sample #2 at 150 K. The Le Bail refinement
indicates that the sample is an sI clathrate hydrate (tick marks indicate
Bragg reflection positions) with goodness of fit parameters wR =
9.77% and reduced χ2 = 4.02. The shaded regions were excluded from
the refinement.
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3.2. Isobaric Thermal Conductivity. Figure 3 shows κ
plotted against temperature for sample #2. All results reported

here pertain to this sample. (See Supporting Information for
the results and analysis of samples #1 and #3.) Initially, the
sample was temperature-cycled multiple times at gradually
increasing pressures, as shown in Figure 3a. The results of
weakly increasing κ on heating agree with the typical behavior
reported for several sI and sII CHs. Moreover, a transition is
observed as an anomalous, nonreal, peak in κ. This peak is
caused by the heat of transformation, which reduces the
temperature rise of the hot-wire probe. Above the transition, κ
is slightly lower than below the transition. As discussed further
below, the behavior is caused by a transition from solid CO2 to
liquid CO2, i.e., it shows that the sample contained
nonenclathrated CO2. The transition features diminish as the
sample is compressed and at the highest pressure, 200 MPa,
the anomalous peak in κ can be observed but κ is almost the
same at temperatures above the peak as it is below the peak.
The slight change in behavior can be attributed to the effect of
pressure. The initial state of the sample upon pressurization is
porous, but the porosity decreases with pressurization, and
homogeneity improves. Furthermore, the apparent slight
excess of CO2 may gradually fill the empty cages in the CO2
CH upon repeated cycling above the transition at increasing
pressure. The latter provides a plausible explanation for the
slightly lower κ at 200 MPa compared to at 80 MPa at

temperatures below 180 K. The thermal conductivity of solid
CO2 increases upon cooling (Figure S1),25 whereas that for
CO2 CH decreases. A decrease in excess solid CO2 would
therefore cause a reduction of κ of the sample. The slight
change in κ, together with the diminishing transition features,
suggests that excess CO2 fills empty cages upon temperature
cycling at high pressure.
Figure 3b shows results after the sample had been pressure-

cycled to 1.2 GPa at 130 K. In studies of cellulose using the
same experimental setup,28,29 it was shown that porous
cellulose samples attain an essentially nonporous state at a
pressure slightly below 0.5 GPa, which was inferred from the
density and κ variation with pressure. Thus, the pressure
cycling of CO2 CH up to 1.2 GPa helps ensure that the sample
is well compacted and in a nonporous state after the treatment.
The results in the range 0.1−0.2 GPa agree well and show

that κ increases only weakly with pressure (Figure 3b), which is
a typical result for CHs. Moreover, the slight decrease in κ at
the solid-to-liquid CO2 transition, observed in the uncom-
pacted sample, is difficult to detect in the well-compacted
sample (see Figure S3). (The transition can be detected in the
temperature data and agree well with literature data30�see
inset in Figure 3) This shows that the small amount of
nonenclathrated CO2 hardly affects κ of the sample outside the
transition range. The results at 0.2 MPa agree within 1.5% with
those measured before the high-pressure cycle up to 1.2 GPa.
This suggests that the sample porosity, homogeneity and the
cage occupation in the CO2 CH did not change significantly
after the first temperature cycle at 0.2 MPa. However, in
addition to the solid−liquid transition of nonenclathrated CO2,
the results show changes in dκ/dT that occur at gradually
higher temperatures with increasing pressure, as indicated by
the vertical arrows in Figure 3b. These changes are weak, but
since they were repeatable upon temperature cycling, they may
indicate a change in the sample. A previous study31 has also
shown that the lattice parameter of CO2 CH increases slightly
at about 210 K upon cooling at 0.2 GPa. This unusual feature
was attributed to an increase in the occupation number of CO2
via double occupancy of some cages. It is therefore plausible
that the changes in dκ/dT (κ stays constant in a 6 K range)
upon cooling are due to this effect. The structural study by
Hirai et al.31 shows that the sI structure remains stable down to
low temperatures despite the increase in the number of
enclathrated CO2 molecules.
The function ln κ = A − B/T, where A and B are fitting

parameters, provides a good description for κ of sII CHs.13,14 It
also fits the results for CO2 CH within 1.5%. However, to
avoid a slight increase in uncertainty (±2%) associated with
using this model function, we have employed a different
function

A Tln (ln )
i

i
i

0

2

=
= (1)

where Ai are the fitted parameters, with the corresponding
results provided in Table 1. This function describes the
measured data to within 0.5% over the 90−265 K range, except
in regions influenced by the CO2 solid−liquid transition and
the changes in dκ/dT near 210 K.
3.3. Isothermal Thermal Conductivity. The stability of

CO2 CH was investigated through isothermal pressurization at
130 K (Figure 4) and 240 K (Figure 5). At 130 K, there is only
a weak increase in κ that gradually levels off on pressurization.

Figure 3. Thermal conductivity measured on cooling at pressures
indicated: (a) prior to pressurization up to 1.2 GPa, and (b) after
pressure cycling to 1.2 GPa at 130 K. The inset shows results derived
from temperature versus time after subtraction of a polynomial
function fitted to the data (below the transition). The dips are due to
the solid-to-liquid CO2 transition and show that the sample contained
a slight amount of nonenclathrated CO2; the vertical dashed lines
indicate literature data for the solid-to-liquid CO2 transition.30 The
vertical arrows indicate changes in dκ/dT, which are discussed in the
text.
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This behavior is typical for materials not undergoing a
transition. The leveling off mimics the behavior of the
compressibility, indicating that the change in κ is closely
associated with the densification of the CH. The behavior is
strikingly different from that of sII CHs, which undergo
pressure-induced amorphization (PIA) upon pressurization at
130 K.32 PIA of sII CHs manifests as a slight decrease in κ near
0.9 GPa due to crystalline lattice distortion, followed by an
abrupt increase resulting from lattice collapse and a concurrent
significant density increase. Since this is not observed here, it
demonstrates that crystalline CO2 CH remains stable up to at

least 1.2 GPa at 130 K. Based on the stability of other sI CHs,
CO2 CH is expected to be stable up to 3 GPa at 100 K.33−35

(Partial substitution of H2O with NH4F can significantly
decrease the collapse pressure).36

The data in Figure 4 also show that the sample did not
contain a detectable amount of ice. Ice undergoes PIA near 1
GPa at temperatures below 140 K. During this process, κ
decreases significantly, because κ of the crystalline phase is
about five times that of the amorphous state. The substantial
reduction makes even small amounts of ice easily detectable.
This effect of PIA was previously observed in a sample
containing cyclopentane CH;14 the study demonstrated that κ
exhibited clear signs of PIA with just 1 wt % ice present in the
sample. The absence of any PIA-related features in our data
shows that any ice in the sample did not affect κ beyond the
measurement precision of approximately 0.2%.
The behavior during pressurization at 240 K differs from

that at lower temperatures (Figure 5). Initially, κ increases
slightly, but at 0.75 GPa, it increases sharply. This shows that sI
CO2 CH remains stable up to 0.75 GPa at 240 K where it
decomposes. The behavior is consistent with findings from
high-pressure studies by Hirai at al.31 and Tulk et al.21 In the
neutron scattering study by Tulk et al.,21 sI CO2 CH was
reported to decompose at 0.77 GPa under isothermal
pressurization at 240 K, forming CO2 filled ice, ice VI and
solid CO2. The high κ of ice VI, κ = 1.6 W m−1 K−1 at 0.75
GPa and 240 K,24 is the reason for the sharp increase of κ
when the sample decomposes. Because of the volume change,
the probe wire broke, and the experiment terminated.
Based on the measured κ(p) and the isothermal bulk

modulus BT, we can derive the density dependence of κ,
commonly expressed by the Bridgman parameter g = (d ln κ/
d ln ρ)T. From κ(p) at 240 K, we obtain (d ln κ/dp)T = (0.12 ±
0.01) GPa−1 in the range 0.15−0.65 GPa. The bulk modulus
has been measured for sI CH with various guest molecules,
e.g., CH4,

37−41 Xe42 and C2H6,
42 but not CO2. In the latter

case, only results of molecular dynamics simulations are
available.43,44 To estimate the bulk modulus of CO2 CH, we
use the experimental data for the adiabatic bulk modulus BS of
CH4CH measured by Helgerud et al.38 and Shimizu et al.,37

which agree within a few percent at pressures below 0.1 GPa,
together with the isothermal results of Klapproth et al.39 and
simulation results.43,44 Based on these data, we calculate BT =
(10.0 ± 1.0) GPa for CO2 CH at 0.4 GPa and 240 K (see
Supporting Information). Combining this with our results for
κ(p), yields g = 1.2 ± 0.2, which is a relatively low density
dependence compared to most crystalline phases. However,
this value is not exceptionally low, as some crystalline phases�
such as ice Ih�exhibit even negative density dependencies.
3.4. Comparison with Previous Results for sI and sII

Clathrate Hydrates. The thermal properties of CHs have
been recently reviewed by Sun et al.45 To our knowledge, the
only experimental κ data for CO2 CH were measured in the
range 264−282 K at pressures of 1.5−3 MPa,46 and at 268 K at
0.1 MPa.47 One study reported κ ∼ 0.65 W·m−1·K−1 up to 274
K, rising to κ ∼ 1.07 W·m−1·K−1 near decomposition;46 the
other reported κ = 0.53 W·m−1·K−1 at 268 K.47 In both cases,
the CH sample was produced by dissolving CO2 gas in water
and cooling, but the phase purity (i.e., ice content) was not
explicitly verified. Forming an ice-free CO2 CH requires several
days of annealing of micron-sized ice under CO2 pressure.

20,21

Since even minute ice content strongly increases κ, we believe

Table 1. Fitting Functions of the Form: ln κ =
∑i = 0

2 Ai(ln T)i, Which Describe the Measured κ Values to
Within 0.5% over the 90−265 K Rangea

P (MPa) A0 A1 A2

0.1 −4.7317 1.1600 −0.0835
100 −4.8170 1.2000 −0.0874
150 −4.8585 1.2195 −0.0893
200 −4.8194 1.2028 −0.0873

aAll values are in SI-units unless otherwise stated. The values at 0.1
MPa were calculated from the results at 0.10 GPa using the pressure
dependence of κ between 0.10 and 0.15 GPa.

Figure 4. Thermal conductivity measured during pressure increase at
130 K.

Figure 5. Thermal conductivity measured during pressure increase at
240 K.
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that the higher κ values found in these studies may be due to
ice inclusions.
The thermal properties of CO2 CH,48 CH4 CH, Xe CH and

empty sI CHs, have also been explored in several
simulations.5,48−51 In the range of our study, 90−260 K, the
results suggest that κ of CO2 CH decreases weakly with
increasing temperature�a behavior typical of highly disor-
dered crystals�and thus do not align with the experimental
trends.
Before a comparison between the experimental results for sI,

sII and sH CHs, it is instructive to discuss the effect of ice and
porosity on the magnitude and temperature dependence of κ
for CH samples. In a previous study,14 we showed that a
mixture between an sII clathrate, tetrahydrofuran (THF) CH,
and ice can be modeled with the Lewis-Nielsen (LN) model,52

which describes ice CH mixtures with high ice content well.
The LN model is given by
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where ϕ is the volume fraction of the component with thermal
conductivity κ1 (ice), and κ2 is the thermal conductivity of the
other component (CH); A and ϕm are two parameters in the
LN model which depend on the shape and orientation of the
dispersed phase (ice particles). For THF CH mixed with a
relatively high concentration of ice, the values for randomly
oriented rods with aspect ratio 15 and uniaxial random packing
(A = 8.38 and ϕm = 0.82),52 provided a good description.14

Using this model, we find that a sample with a typical CH
(THF CH) and ice, shows crystal-like κ (i.e., decreasing κ)
above 250 K when the ice content is about 5 vol % or higher.

Moreover, 5 vol % of ice increases the magnitude by 14% at
250 K, and significantly more at lower temperatures.
The studies of CH4 CH by Rosenbaum et al.5 and White et

al.8 illustrate well the importance of eliminating, or accounting
for, the sample porosity (= 1 − ρsample/ρnonporous sample).
Rosenbaum et al.5 showed that κ of their CH4 CH sample
increased from 0.15 to 0.68 W m−1 K−1 during compression up
to 45 MPa. White et al.8 estimated that the porosity of their
synthesized material decreased from 34% to less than 5% by
compression up to 104 MPa and holding for 4 days, but did
not specify the change in κ. (In this study, we used 10 times
higher pressure to eliminate the porosity of our synthesized
sample.)
To compare the results for CO2 CH with literature results of

sI, sII and sH CH, we have compiled these in Figure 6. For
guest material that dissolve in water, it is relatively easy to
avoid ice and high porosity. These are the main causes of large
errors because of the high κ of ice and low effective κ of a
porous sample. Gas clathrate samples, however, can be difficult
to obtain in a single clathrate phase. In these cases, one must
carefully characterize the sample, or otherwise assess the effect
of ice, but also consider the porosity to certify that the
measured values are relevant as a measure of κ for the clathrate.
The compilation shown in Figure 6 suggests that κ of CO2

CH is the lowest among all CHs in the 100−200 K range. The
results for Xe CH near 250 K are lower, but if one considers
the effect of temperature, these are not consistent with the Xe
CH results measured at low temperatures. In the low-
temperature study of Xe CH by Krivchikov et al.,4 the
porosity issue was mitigated by introducing He gas to improve
the thermal contact between clathrate grains, and they used a
model to calculate κ of nonporous Xe CH. Extrapolating their
data to higher temperatures suggests a higher κ than what was
measured in the Xe clathrate study at 250 K.3 In the latter
study, porosity was reduced by compacting the sample at 100
MPa, which is typically sufficient to achieve a nearly nonporous
sample. However, because the measurements were conducted
at pressures just above the dissociation pressure, the relaxation

Figure 6. Thermal conductivity of clathrate hydrates as a function of temperature at or near atmospheric pressure unless otherwise stated. (A
pressure increase of 30 MPa causes an increase in κ of only about 0.5%).8 The dash-dotted line representing κ of Xe CH is tentative due to the data
scatter and that the fit of the data (above 110 K)4 assumed a similar temperature variation to other CHs, using an average B parameter of 37 K.
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upon pressure decrease likely led to a slight increase in
porosity.
Most of the available data for sI, sII, and sH CHs indicate

that their κ exhibits amorphous-like�or glass-like�behavior,
characterized by a weak increase in κ with rising temperature.
However, a few studies, particularly on CH4 CHs, report the
opposite trend, i.e., κ increasing with decreasing temperature.
While the results for CH4 CH generally show low κ values with
weak temperature dependence, the specific behaviors vary
across studies. These discrepancies may be attributed to
differences in sample porosity and residual ice content. High
porosity tends to lower κ and produce an amorphous-like
temperature dependence, whereas significant ice content
increases κ and leads to more crystal-like behavior.
There are four studies of CH4 CHs that cover limited

temperature ranges. Two of them show relatively high κ values
with a negative temperature dependence,5,8 while the other
two exhibit lower values with a positive temperature depend-
ence (Figure 6).7,9 The latter results reported by Krivchikov et
al.7 above 70 K and those of Huang and Fan9 appear to align
well with the empirical correlation, ln κ = A − B/T with A =
−0.433 and B = 35.0 K (dashed line in Figure 6), even though
Huang and Fan9 did not apply high pressures to eliminate
porosity. Moreover, if we combine this empirical correlation
with the LN model, then the magnitude of the two other
studies can be reproduced with 4 and 9 vol % ice, respectively
(short-dashed lines in Figure 6). For one of the studies, the
temperature dependence is also well reproduced. However, a
good argument against this explanation is that any ice present
in the sample should melt near 273 K, which would result in a
step decrease in κ because of water’s lower κ. The LN model
with 9 vol % water instead of ice yields the dotted blue line in
Figure 6, indicating that κ would decrease by 0.11 W m−1 K−1

when 9 vol % ice melts. But the results reported in refs 5 and 8
show no evidence of such a decrease. Adding to the
complexity, some studies suggest that ice can persist in a
metastable state within clathrates under pressure, even above
its melting point�for example, at 290 K and 30 MPa.53 Since
none of the existing studies appear to be clearly erroneous,
further investigation is needed to determine whether CH4 CHs
exhibit amorphous-like κ behavior, as observed in many other
CHs, or if they represent an exception. Clarifying this behavior
would also help reduce the uncertainty in κ values for CH4
CH, which currently range from 0.56 to 0.68 W·m−1·K−1 at
temperatures above 250 K and pressures up to 100 MPa.
3.5. Correlations and Models for the Thermal

Conductivity in Clathrate Hydrates. To provide a broad
overview of κ of CHs, we summarize experimental and
theoretical findings, excluding data potentially compromised by
uncertain ice content or porosity. Figure 6 shows that κ of sII
CHs decreases with the guest molecule in the sequence: 1,3-
dioxolane (DXL, 2.8 Å), tetrahydrofuran (THF, 2.95 Å),
cyclobutanone (CB, 3.25 Å), cyclopentane (CP, 3.05 Å), with
the van der Waals radius of each molecule given in
parentheses. As noted by Andersson and Ross,13 κ of the
first three clathrates follow a decreasing trend with increasing
molecular size. Figure 7 presents a plot of κ at 260 K as a
function of the guest radius. The CP CH deviates slightly from
the general trend observed. Notably, CP is the only guest in
this sII series that lacks the ability to form even weak hydrogen
bonds with the ice host lattice.
For sI CHs, κ decreases in the sequence: CH4 (2.05 Å),

ethylene oxide (EtO, 2.6 Å), Xe (2.2 Å), CO2 (2.35 Å). Similar

to the sII case, κ generally appears to decrease with increasing
van der Waals size of the guest, with one notable exception:
ethylene oxide, which can form hydrogen bonds. For sI
hydrates, the decreasing trend among CHs with non-hydrogen
bonded guests is less certain, attributable to uncertainties in
the κ values for CH4 and Xe CHs. A fit excluding the EtO
value shows a decrease; however, the resulting slope has
significant uncertainty (see caption of Figure 7). A tentative
interpretation of these findings is that κ of both sI and sII
generally decreases with increasing guest molecule size, but
that guest−host interactions via hydrogen bonds slightly
promote heat transfer compared to CHs with guests of similar
size that cannot form hydrogen bonds.
Regarding simulations, the study by Jiang and Jordan48

effectively reproduces the observed trend for sI CHs. They
compared the impact of encaging CO2, Xe and CH4 in CHs.
Although their simulations do not quantitatively match
experimental values, they suggest that κ of CO2 CH is
approximately 25% lower than that of CH4 CH at 260 K in
good agreement with experimental data. This reduction was
attributed to stronger guest−host coupling, even though they
found it less important at high temperatures. In the present
study, the measured κ values of CO2 CH are 25−38% lower
than those reported for CH4 CHs.5,8,9 Furthermore, the
simulation results of Jiang and Jordan48 are also consistent with
the slightly higher κ for Xe clathrate compared to CO2
clathrate, as reflected in our comparison with the data of
Krivchikov et al. (Figure 6).4

A significant number of studies have attempted to unravel
the origin of the amorphous-like behavior of κ in CHs. The

Figure 7. Thermal conductivity at 260 K plotted against the van der
Waals radius rvdW for guest molecules. The lines indicate the
decreasing trend of κ with increasing guest size, with one significant
exception for sI (ethylene oxide, EtO), and one slight exception for sII
(cyclopentane, CP). Guest molecules with the possibility of forming
hydrogen bonds with H2O are indicated by a symbol with cross. The
dashed red lines represent fits: κ = 1.73(49) − 0.56(21) rvdW for sI
(excluding EtO) and κ = 0.716(45) − 0.076(15) rvdW for sII
(excluding CP). The estimated measurement uncertainties (error
bars) were used as weights (= 1/uncertainty2) in the fits, and the
uncertainties in the fitted parameters are the standard errors. (For
CH4 CH, we used an average of the reported values of refs 5,8,9 and
half the range of the reported values for the estimated uncertainty.)
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initial hypothesis�strong phonon scattering due to dynamic
disorder in guest molecule orientations1�was disproven when
CHs with monatomic guests like xenon exhibited similar
behavior.3,4 However, strong phonon scattering resulting from
interactions between rattling guest atoms and the ice lattice,10

known as the resonant scattering model,54 remains a viable
explanation, despite negative evidence for this mechanism in
other inclusion compounds.55,56 (In these compounds,
alternative explanations such as strong Umklapp scattering55

and flat phonon dispersion relations, i.e., near-zero phonon
velocities,56 have been proposed.)
An early theoretical analysis attributed the amorphous-like

behavior to the large number of oxygen atoms per unit cell n in
CHs.57 These give rise to numerous optical modes, which can
scatter propagating phonons but are assumed to contribute
little to heat conduction. The core of this analysis is that
frequent scattering leads to a mean free path inversely
proportional to n2/3, potentially reducing it to nearly the
interatomic spacing. However, both the present study and
previous investigations show that an sI CH with n = 46 oxygen
atoms per unit cell can exhibit lower κ than sII CHs with n =
136 suggesting an even shorter mean free path in the former.
Several simulations have been conducted to examine the

explanations for the low and amorphous-like κ observed in
CHs. An early study by Inoue at al.51 supported the resonant
scattering model and suggested that phonon scattering is
primarily, though not exclusively, caused by the encaging of
guest molecules. (However, a subsequent study reported that
their results may have been influenced by incomplete
convergence).49 Later investigations have explored the
behavior in greater detail, and the findings generally suggest
that κ depends on both the structure of the hydrate and the
nature of the guest molecule. In particular, empty CHs exhibit
lower κ than ice, and this reduction is more significant than
that resulting from guest molecule encaging. For instance,
English et al.50 found that the change of structure from ice Ih
to empty sI caused equal or larger reduction in κ than the
change from empty sI to sI with encaged CH4. However, the
amorphous-like κ, which they found at temperatures above 150
K, was attributed to guest−host interactions. In contrast, Jiang
and Jordan48 reported a smaller effect on κ due to CH4
encaging in sI, with virtually no change above 100 K.
English et al.50 ascribed the structure-related reduction in κ

to a more distorted ice framework in CHs compared to ice Ih.
They also discussed the different effect of CH4 inclusion in sI
and sII, emphasizing that in sII�where larger cages provide
additional free space�a greater amplitude of thermal rattling is
needed to bring about the intermittent close guest−host
contact required for heat-transport dissipation. This inter-
pretation is consistent with the observed guest-size-dependent
effects on κ shown in Figure 7.
Based on the available results, the key mechanism

responsible for the low and amorphous-like κ in CHs cannot
be confidently identified. The difference compared to ice may
arise from structural changes, guest−host interactions, or a
combination of both. The transformation from Ih structure to
sI, sII or sH increases the number of optical modes and the
anharmonicity of the ice lattice due to distortion and the
resulting changes of the potentials, and large and rattling guests
may cause a further increase, as well as resonant scattering.
Concerning possible mechanisms for the low κ, we can

quantitatively estimate the change of one key property in
determining κ of a material�the lattice anharmonicity; it is

typically described by the mode Grüneisen parameters: γi =
(d ln νi)/(d ln ρ)T, where νi is the vibrational frequency of
mode i. In a simplified description, it can be described by an
average for the modes most relevant for heat conduction, i.e.,
the acoustic (phonon) modes in well-ordered crystals and
diffusive modes in amorphous materials. We have previously
determined that the change from proton-disordered ice (ice
Ih) to proton-ordered ice (ice XI) is well described by a
reduction in the anharmonicity of the ice lattice.58 The same
type of transition in THF CH is also well described by an
identical change in the anharmonicity, despite that κ is crystal-
like in ice but amorphous-like in CHs.12 To estimate the
change in anharmonicity of the ice lattice due to the structural
change, we consider the thermodynamic relation

B
Cth

s

p
=

(3)

where α is the volume thermal expansion coefficient and Cp is
the isobaric specific heat. It has been calculated for THF CH
by Tse,59 while Fortes60 and Leadbetter61 have conducted
careful analyses for ice Ih. Their results are presented in Figure
8. If we consider γth at high temperatures, which gives the high

temperature limiting value of γth and should be an average of γ
for the modes that contribute significantly to the heat capacity,
then γth differs by about 25% between ice and THF CH. The
larger anharmonicity in clathrates has been noted and
discussed previously,59,62 but perhaps not extensively in the
context of significantly increased phonon−phonon scattering,
which we investigate below.
It is important to note that a mechanism that increases

phonon−phonon scattering cannot, by itself, explain a change
from crystal-like to amorphous-like κ unless the scattering
becomes sufficiently frequent to reduce the phonon mean free
path to the scale of interatomic (oxygen−oxygen) distances.
Concurrently, with increasing scattering, a gradual trans-
formation from phonon-mediated (crystal-like) to diffusive
(amorphous-like) heat transport is expected. Notably, the
results of Krivchikov et al.4 indicate that such a transformation
occurs around 100 K upon heating Xe and CH4 CHs.

Figure 8. Thermodynamic Grüneisen parameter plotted against
temperature for ice Ih,59−61 and THF CH.59 Adapted from Tse59 with
permission. Copyright 1987 EDP Sciences.
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It is reasonable to assume that the phonon−phonon
scattering rate varies strongly with γ, typically as γ2.63
Moreover, κ of ice is approximately described by κ = A·T−1

where A = 630 W m−1.24 With A ∝ γ−2, the 25% increase in γth
would cause a decrease from κ = 6.3 to 4 W m−1 K−1 (Δln κ =
−2·Δln γ) at 100 K. This is far from sufficient to explain the
approximately 16-fold decrease in κ between ice and CHs at
100 K. However, if we focus on low-frequency phonons by
instead evaluating γth at lower temperatures, e.g., at 70 K,
where Leadbetter61 found that librations start to contribute
significantly to the heat capacity, then the change in γth
suggests a 38-fold decrease in κ, i.e., an even too large
reduction of κ. But in this case the significantly increased
scattering rate would limit the phonon mean free path to the
order of the oxygen−oxygen spacing, and heat transport would
change from phonon to diffusive heat transfer.
Experimental support for low-frequency phonons being the

dominant heat-carrying modes in ice is found in results for the
pressure dependence of κ for ice Ih, which is negative.24 In
contrast, κ of CHs increases weakly on pressurization (Figures
4 and 5). The unusual result for ice is explained by a negative
Grüneisen parameter,63 which supports that the most
representative (average) γth for evaluation of κ of ice is
obtained from values below 70 K.
The above calculation suggests that the altered anharmo-

nicity of the ice lattice, when transformed from ice Ih to a CH
containing guest molecules, may explain the significant
reduction of κ. This reduction would be due to significantly
increased phonon−phonon scattering, involving both optical
and acoustic phonons, which effectively quenches the heat
carried by phonons and induces diffusive heat transfer. In this
context, weak hydrogen bond guest−host interactions may
facilitate heat transfer compared to non-hydrogen bonding
guests, as indicated by the results in Figure 7. This model for
the thermal resistivity in CHs aligns with the findings of Koza
et al.55 regarding the absence of freely “rattling” guests, and
thus no resonant scattering by guest atoms in La- and Ce-filled
Fe4Sb12 skutterudites. However, further experimental results,
preferably for empty CHs, as well as comprehensive
simulations (such as the studies by English et al.50 and Jiang
and Jordan48 using improved models) are necessary to fully
elucidate the mechanism underlying the amorphous-like
behavior of κ in CHs.

4. CONCLUSIONS
The thermal conductivity of nonporous and ice-free sI CO2
CH under stability conditions in the 90−270 K range is
amorphous-like, with a magnitude of κ = (426 ± 8) mW m−1

K−1 at 270 K. It increases by only 1% for every percentage
increase in density, or by 12% GPa−1 with pressure increase.
The magnitude is among the lowest measured for CHs,
irrespective of structure (sI, sII and sH). The thermal
conductivity is 25−38% lower than that of CH4 CH, which
supports simulations showing a 25% decrease for a change of
guest from CH4 to CO2 in sI.48 The temperature dependence
of κ is identical to that of sII CHs, suggesting that the phonon
mean free paths in both sI and sII are about the size of the
interoxygen spacing and that diffusive modes dominate heat
transfer. The results here, together with literature results for
both sI and sII CHs, suggest a correlation between guest size
and κ, with κ decreasing weakly with increasing guest size, but
also that guest−host hydrogen bond interactions promote κ.

A tentative explanation for the amorphous-like κ of CHs is
that the high anharmonicity of the ice lattice causes frequent
phonon−phonon scattering to such an extent that it essentially
quenches heat transfer mediated by phonons. As a
consequence, the heat transfer becomes diffusive and therefore
amorphous-like, with only a weak dependence on the guest
species.
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